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ABSTRACT 102 
Background 103 
Displaced acromial fractures are challenging to treat. Complex bony anatomy, 104 
variable fracture morphology and limitations of available implants present 105 
challenges in achieving favourable surgical outcomes.  106 
We determined to what extent currently available scapular and clavicular plating 107 
systems are able to provide adequate fixation options. 108 
Methods 109 
Patients presenting to an urban trauma centre with acromial fractures sustained 110 
from blunt trauma between 2012 and 2016 were identified (n = 15, 14M / 1F). The 111 
fracture patterns were categorized according to location (Type I = 13%, Type II = 112 
27%, Type III = 60%). Computed Tomography (CT) scans were reconstructed to 113 
produce three-dimensional (3D) printed anatomical models on which a quantitative 114 
fit analysis was performed. Measurements were performed twice, by five separate 115 
observers, with fit graded as anatomical fit (< 2mm), intermediate fit (> 2mm) or 116 
no-fit. 117 
Results 118 
The anterior clavicle 6 hole plate fitted best in 45.7% of cases. Acromial plates 119 
only achieved 27.3%. The acromion short plate together with the lateral clavicle 120 
short plates performed the best in Type II fractures. An inter-observer intraclass 121 
correlation coefficient (ICC) agreement of 0.974 was obtained. 122 
 123 
 124 
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Conclusion 125 
The available commercial acromial plating system fails to provide adequate 126 
congruency and fit for fixation. Clavicular plates were superior alternative 127 
implants. 3D printed anatomical models can be used effectively to assist in 128 
templating implants preoperatively. 129 
Level of evidence 130 
Level IV – Observational biomechanical basic sciences study. 131 
Keywords 132 
3D printing, additive manufacturing, scapula fracture, osteosynthesis, internal 133 
fixation, quantitative fit analysis, scapula plate, acromion fracture. 134 
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PART A: LITERATURE REVIEW 195 
OBJECTIVES 196 
To discuss: 197 
Scapula fracture epidemiology, management and complications. 198 
Acromion fractures and its fixation options.  199 
Three-dimensional (3D) printing techniques and development. 200 
The use of 3D printing in orthopaedic and other surgical disciplines. 201 
Quantitative fit analysis of scapula plates. 202 
Gaps in current literature and possible future directives.  203 
LITERATURE SEARCH STRATEGY 204 
A literature review was conducted in the following databases: PubMed, PubMed 205 
Central, National Centre for Biotechnology Information (NCBI) and Google 206 
Scholar. Keywords used in this search were: 3D printing, additive manufacturing, 207 
scapula fracture, osteosynthesis, internal fixation, quantitative fit analysis, 208 
scapula plate, and acromion fracture. Peer-reviewed publications where the 209 
original article was available were included. Articles from the last 10 years were 210 
utilized. All articles were written in English or had an English translation. In 211 
articles that had references quoted which conveyed an integral concept applicable 212 
to this thesis, the original article was cross-referenced. Some cross-referenced 213 
articles were older than 10 years and these were also included to give a 214 
comprehensive overview of the topic.  215 
 216 
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SUMMARY AND INTERPRETATION OF LITERATURE 217 
Scapula fractures 218 
The surgical management of scapula fractures was first documented by the 219 
French.5,12 In 1579 the first drawing of a scapula fracture was published by 220 
Ambroise Paré in his rendition of an injury during battle.12,40 Jean-Louis Petit 221 
devised the first classification of scapula fractures. He divided the fractures into 222 
neck, body, and process with fractures of the scapular body being further divided 223 
into longitudinal, transverse and oblique.12,42 Scapula fractures were specified by 224 
Monteggia as a fracture of the coracoid process, acromion process or the body of 225 
the scapula.22,36 The first documentation of internal fixation of the scapula was in 226 
1913, by Albin Lambotte of Belgium.12,29 The index documentation of the surgical 227 
treatment for non-union of acromion fractures was performed by Darrach (1914), 228 
with two silk sutures.12,22 229 
Associated injuries occur concomitantly with scapular fractures in almost 90% of 230 
patients. These are mainly localized to the same extremity (50%), thoracic injury 231 
(80%), head injuries (48%) and spinal fractures (26%).12,49 232 
The lateral border of the scapula comprises of the acromion process. Fractures of 233 
this process represent 8% - 16% of scapula fractures and are thus infrequent.11,30 It 234 
is recognized as an increasing complication of reverse shoulder arthroplasty.11,13 235 
Overuse and shoulder trauma are the main causes of acromion fractures. These 236 
fractures can be seen in combination with scapular body fractures, glenoid process 237 
fractures, distal clavicle fractures or disorders of superior shoulder suspensory 238 
complex.11,38 239 
Acromion fracture pattern classifications comprise the following:  240 
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 Ogawa & Naniwa (1997) subdivided it into Type 1 lateral to the 241 
 spinoglenoid notch and Type 2 medial to the notch.11,39  242 
 Kuhn (1994): Type 1 marginally displaced. Type 2 displaced but 243 
 subacromial space maintained. Type 3 subacromial space significantly 244 
 reduced.11,28  245 
 AO/OTA classification grouped according to the amount of 246 
 comminution and the measured displacement.11,33  247 
Literature with regards to surgical management of these fractures is scarce, 248 
comprising mainly of case reports and small case series studies. This leaves a gap 249 
in some conclusive surgical indications and sufficient long term follow up to 250 
evaluate patient-reported outcomes.3 The available data on decision making and 251 
management outcomes is mainly retrospective, with no distinction between 252 
surgical versus non-surgical treatment.7 When dealing with an undisplaced, 253 
isolated acromion fracture, conservative treatment will produce excellent results 254 
because of the supporting anatomical structures. The fractured fragment is kept in 255 
place by thick periosteum on top and by the deltoid and trapezius muscles, which 256 
pull the fragment in opposite directions with the same force. With substantial 257 
downward displacement, open reduction and internal fixation is suggested in an 258 
attempt to reduce the resultant subacromial impingement and the risk of non-259 
union.14,39 Conservative treatment of displaced acromion fractures is associated 260 
with numerous complications. This spectrum ranges from intractable pain, partial 261 
or full rotator cuff tears secondary to subacromial impingement, reduced active 262 
and passive range of motion, acromioclavicular joint dislocation or subluxation, 263 
shoulder weakness, glenohumeral joint subluxation, damage to the brachial plexus 264 
and symptomatic non-union.22,39 265 
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Indications for surgical treatment for these process fractures include superior 266 
shoulder suspensory complex (SSSC) injuries with 2 or more disruptions, more 267 
than one centimeter of displacement, painful non-union and an associated 268 
ipsilateral fracture of other parts of the scapula.3,19  269 
A multitude of complications is associated with operative management around 270 
scapula fractures. Infection rates of up to 4% are documented. Revision surgery for 271 
wound debridement, hardware removal, repeat open reduction and internal fixation 272 
in up to 17%.7,15 273 
Various surgical options and techniques for internal fixation of acromion fractures 274 
have been tested and accepted. This includes plate fixation, tension band wiring or 275 
the use of Kirschner wires.3,39 Interfragmentary screw fixation 3,35 and plate 276 
fixation supplemented with interfragmentary screws 3,16 has also been described. 277 
Plate osteosynthesis of far lateral fractures can cause implant prominence and skin 278 
irritation. Tension band wiring is better suited in this setting. This technique 279 
affords rotational stability of the lateral fragment as well as compression with a 280 
distraction force. Alternatively, a fixed angle locking plate on the superior surface 281 
may be considered. Care should be taken to avoid long screws penetrating the 282 
subacromial space with resultant rotator cuff impingement. The plate can also be 283 
used to buttress the lateral end of the acromion.3  284 
More research is needed in this area to determine whether guidelines are too rigid 285 
or what the true outcomes of both surgical and non-surgical management are. 286 
Prospective studies are needed to prove that the benefit outweighs the risk of 287 
surgery.7 As with any other fracture, the decision-making process is influenced by 288 
a number of factors, including the type of fracture, the degree of displacement and 289 
comminution, overall injury pattern as well as patient age and level of activity. 290 
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Once the surgical treatment is decided based on the patient and fracture features, 291 
the main objective of open reduction and internal fixation is to achieve anatomical 292 
reduction and secure fixation that will allow for early rehabilitation and bony 293 
union.22 294 
3D printing 295 
Three-dimensional (3D) printing technology and its applications in the realm of 296 
healthcare provision has evolved exponentially since its inception into the 297 
industrialized world. Subsequently, various uses for this technology have 298 
developed. This dramatic evolution is exponential and the Orthopaedic society has 299 
embraced the ability to turn computer data into a tangible physical model with 300 
materials such as plastic and metal.21,50  301 
The predecessor of 3D printing as we know it today was developed in 1979 just 302 
before the advent of Computed Tomography (CT) scans. The model was created 303 
with a process of subtractive milling instead of additive layering as there were no 304 
3D printers at the time. This technique starts with a block of material that is shaped 305 
under the control of a Computer Numerical Controlled (CNC) machine. This 306 
resembles sculpting a figure from a block of stone.2,23  307 
Over the next 40 years, the 3D printing capabilities increased with the 308 
improvements in computer hardware and especially software programs and 309 
processing capabilities. More complex imaging modalities became available to 310 
generate detailed 2-dimensional reconstructions. The clinical applications and 311 
demands in 3D images became increasingly relevant.18,51  312 
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Commercially available prototypes gradually made inroads into the Orthopaedic 313 
market and medicine as a whole. This was still experimental and minimal clinical 314 
introduction of this interesting new development was documented.17,21  315 
Further innovations were continually being developed, and it became apparent that 316 
the regulation of this field was imminent to adhere to strict governing policies. 317 
Quality control and economic policies were slow to keep up with the ever-318 
changing advances.37,51 319 
    320 
 321 
Figure I: Articles published by anatomical location of the 3D printed model. 322 
Sourced from Hoang et al 2016.23 323 
 324 
Advances in technology have made 3D modelling and 3D printing more affordable 325 
and readily available.21,47 Various articles have been produced covering a wide 326 
spectrum of anatomical locations of interest with the most form the maxilla-facial 327 
area (Figure I). 328 
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Recent improvements in clinical image acquisition, user-friendly 3D software, as 329 
well as more affordable printing devices have now enabled 3D computer 330 
modelling and printing to become more accessible for use as an in-house 331 
technology.21 The key benefit of 3D printing in medical applications is stereotaxis 332 
or tactile understanding of the anatomy.21,25 By integrating 3D models into surgical 333 
practice, studies have shown the potential to reduce surgical time, decrease the 334 
time required under anesthesia, lower the risk of postoperative complications, and 335 
can possibly improve patient outcomes.21 336 
This technology has also shown benefits for patients’ education, and a 3D printed 337 
model of a patient’s affected anatomy can greatly increase their understanding and 338 
acceptance of a planned procedure. In addition, it is easier to gain informed 339 
consent when patients are uncertain or have reservations regarding their treatment. 340 
Likewise, it provides benefits to a surgeon’s education and training. When a 341 
surgeon is learning a new surgical technique, it can be beneficial to have increased 342 
visualization of topographical structures and the relationship between anatomic 343 
landmarks. This knowledge is usually gained through cadaver dissections during 344 
medical training; however, due to societal pressure, cost restrictions, health 345 
regulations, and the scarcity of desired abnormal cases, sufficient practical 346 
experience can be difficult to gain.21  347 
Usage of individualized 3D printed models of bony anatomy will likely become 348 
standard practice in preoperative preparation, surgical replication, intraoperative 349 
assistance, and implant improvement.17 Other applications of 3D printing models 350 
include the reconstruction of large bone defects. A mirror image created from the 351 
contralateral side of the pathology will adequately provide the required implant 352 
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dimensions that would enable the specialist to contour the implant to the 353 
appropriate dimensions for an ideal fit preoperatively.17  354 
Anatomic prototype production is the most common use of 3D printing in surgery. 355 
In a review by Hoang et al, the author report on 126 publications which reported 356 
the use of 3D printed anatomic models. Of these, only 18 publications reports on 357 
implants, prosthesis, splints, and external fixators, whilst 36 publications reported 358 
on surgical instrumentation and guides.23  359 
A recent study in 2016 compared the benefit of 3D printed models compared to 3D 360 
images during preoperative planning. Participants planned surgery using 3D 361 
computer and physical models respectively. The residents reviewing the printed 362 
models achieved higher overall scores. The conclusion was made that 3D printed 363 
modelling improved the preoperative planning techniques of inexperienced 364 
surgeons.23,53 365 
Kim et al defined an innovative technique by producing a real-size (3D) printed 366 
clavicle model. In this study, a CT scan of both clavicles was obtained, and a real-367 
size clavicle 3D printed model produced. Utilizing a mirror image technique, the 368 
intact clavicle of the contralateral uninjured side is 3D printed inversely to produce 369 
a replica of the fractured side before the injury.26 This technique could be used pre- 370 
and intraoperatively as an adjunct tool for minimally invasive plating of displaced 371 
comminuted midshaft clavicle fractures. 372 
Distinguishing bone from adjacent soft tissue remains a big challenge when 373 
creating accurate 3D models from CT images of in situ scapulae. The glenoid in 374 
particular is a problematic anatomical area as the cancellous bones’ radiodensity is 375 
almost indistinguishable from the surrounding soft tissue. Results from work by 376 
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Bryce et al validated the accuracy and reproducibility of creating 3D models from 377 
in situ scapulae by using efficient segmentation.8 378 
There are 4 main stages involved in producing a 3D prototype model (Figure II) 379 
from Hoang et al:  380 
 Imaging 381 
 Image processing and segmentation 382 
 Creation of a reconstructed 3D computer model 383 
 Creation of the 3D printed model 23  384 
 385 
 386 
Figure II: The 3D printing process from start to finish. 387 
Sourced from Hoang et al 2016.23 388 
 389 
Imaging 390 
3D medical imaging is the basis for all 3D models, and it is vital that the radiology 391 
department is involved and aware of the desire to create a 3D model before the 392 
imaging of the patient.21,48 Considerations for the imaging should not only include 393 
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the basic modality (CT), but also the imaging parameters such as the slice spacing 394 
and thickness, as well as the required resolution.10,21  395 
The most appropriate choice of imaging modality is dependent on the tissue of 396 
interest and intended outcome. Bone is best captured with CT, whereas soft tissues 397 
such as the brain or heart are best viewed with MRI; both modalities are capable of 398 
producing images of sufficient quality for use in modelling.21,54 Once an 399 
appropriate imaging modality has been chosen, the parameters of the scan also 400 
need to be considered. It is important that the imaging is set up to be 3D and in 401 
general the higher the resolution the better for creating 3D models or printing. 402 
Once created, the stack of DICOM (Digital Imaging and Communications in 403 
Medicine) images can be sent for model creation.21,34  404 
 405 
Image processing 406 
The image processing components of this pathway can be split into 3 main 407 
components:  408 
 Preprocessing of the images to improve quality. 409 
 Segmentation (selecting the regions of the image to be included in the 410 
 model) and postprocessing. 411 
 Rendering (creation of a 3D interactive model). 412 
The aim of preprocessing is to clean the raw image and improve quality, which 413 
most often calls for removing or minimizing noise from the image. Noise in an 414 
imaging sense is erroneous data or artifacts (visual static) created during the 415 
imaging process.4,21  416 
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Segmentation, using masking techniques, is the process by which the desired 417 
anatomy is separated from the surrounding unwanted tissue and any remaining 418 
noise.21,52 The result is a binary mask, in which each voxel is labelled as either 419 
inside or outside the volume of interest. This is a vital step along the path to 420 
creation of a 3D model, and there are a number of issues affecting the final 421 
accuracy of the model that need to be considered, including the partial volume 422 
effect as well as a range of techniques for carrying out the segmentation process.21 423 
After segmentation, the model is exported as a stereolithography (STL) file, and 424 
some further processing of the data is required before it is ready for use.21,43 The 425 
software uses the STL file to generate a computer model of the object by 426 
representing the surface as a unique collection of small triangles, or tessellations, 427 
closely fitted together without gaps or overlapping. This tessellated surface then 428 
represents the objects virtual surface as an overlying mesh of triangles.21 429 
Additional surplus noise and segmentation artifacts in the model must be identified 430 
and removed. Segmentation artifacts come in 2 basic types: surface irregularities, 431 
and unwanted bridges between sections that should not be connected.21,46  432 
 433 
3D computer model 434 
Smoothing of the model is the process by which the voxelated model from 435 
segmentation is turned into a smooth, more natural looking object. Caution must 436 
be taken when smoothing a model, however, as the tendency to “over smooth” can 437 
be strong. At this stage in the process, the 3D model can now be virtually 438 
manipulated to take measurements or test surgical  procedures or virtual surgery 439 
can even  be performed.21 440 
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 441 
3D printed model 442 
The printer resolution or thickness of the printed layers is an important 443 
consideration. Thicker filament layers used in a model will result in a poorer 444 
quality appearance, and important features that have been carefully maintained 445 
throughout the modelling process can be lost. The process of printing a complex 446 
3D shape generally requires the use of support material. This material is used by 447 
the printer to support the model during its creation and is then removed upon 448 
completion. Support material is particularly important when there are overhangs or 449 
delicate geometry associated with complex anatomy or pathology. Printing time is 450 
also an important factor to consider. The time to print a model after the 451 
segmentation and model development process is dependent on 3 factors: printer 452 
resolution, the volume of the model, and the orientation of the model.21 453 
The most common 3D printing technologies used in the medical field are:   454 
 Fused deposition modelling (FDM) 455 
 Laminated object manufacturing  456 
 Stereolithography (SLA) 457 
 Polyjet (PJ) printing 458 
 Colourjet printing 459 
 Selective laser sintering (SLS) 460 
FDM is a technique in which the 3D printer melts plastic and extrudes it out of a 461 
nozzle in a controlled path, gradually building the printed shape in layers, most 462 
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commonly used by consumer or hobby printers. These printers are affordable and 463 
often have open-source software and technology.9,21  464 
With laminated object manufacturing very thin layers of the build material (paper, 465 
polymer, or metal) are cut to precise shape, stacked, and bound together. This 466 
method was very popular for Orthopedic modelling and rapid prototyping and is 467 
cost effective because the raw materials are so readily available. However, this 468 
technique is now less commonly used as other technologies have been developed 469 
further and became more popular. 470 
Both SLA and PJ printers use ultraviolet (UV) curable photopolymer resins to 471 
construct the model. Colourjet printing works by applying layers of powder or 472 
gypsum to a tray, then spraying directed bursts of glue onto each layer binding the 473 
powder together. 474 
SLS uses a high-power carbon dioxide (CO2) laser to fuse the powdered plastic 475 
together. The print bed is first covered in a layer of fine plastic polymer; once the 476 
layer has been deposited, each sequential layer is bound together by the CO2 laser.  477 
To calculate the filters and smoothing algorithms required to produce high-quality 478 
meshes, high-performance computers are recommended. There are Computer 479 
Aided Design (CAD) workstations that have been purposefully designed, 480 
optimizing the linear calculations used by the segmentation and modelling 481 
software. There are many commercial and freeware programs available that can be 482 
used to segment a region of interest out of a DICOM stack.21 483 
Various materials can be used to print in 3 dimensions: 484 
 Sintered powdered metal 485 
 Stainless steel 486 
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 Nitinol 487 
 Titanium 488 
 Ceramic 489 
 Bone-like (e.g., CT-bone [Xilloc, Geleen, Netherlands] 490 
 Plastics (e.g., PolyJet [Stratasys, Eden Prairie, Minnesota], polyether ether 491 
 ketone, polyether ketone ketone, acrylonitrile butadiene styrene [ABS]).17  492 
Quantitative fit analysis 493 
Orthopaedic plate implants have been around since 1896. The design and 494 
applications have improved and are continuously expanded. Advances have been 495 
made with better materials used and the plates becoming more low profile and 496 
with a smaller footprint on bone. Various systems include Compression Plate, 497 
Dynamic Compression Plate, Limited Contact Dynamic Compression Plate, Point 498 
Contact Fixator, Less Invasive Stabilization System plate, Locking Compression 499 
Plate (LCP) and Pre-contoured LCP. The newer designs facilitate and promote a 500 
more bioactive healing process.31,45 501 
From a structural point of view, while pre-contoured LCP’s are made for a specific 502 
site, they cannot always fit the anatomy of all patients.44,45 The variation in bone 503 
morphology, due to various factors including age, gender, race, and nutrition, is 504 
the main cause of a non-fit. Trying to provide plate shapes for all the possible 505 
anatomical variations, is impossible and would lead to an immense logistical 506 
challenge for hospitals and manufacturing companies. Plates are designed based on 507 
the average anatomical shapes of the bone morphology of the group evaluated. 508 
Locked pre-contoured plates are a form of internal fixation implants. Stability is 509 
achieved without plate compression onto the bone. An anatomical fit between the 510 
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plate-bone interface is not a prerequisite for a biomechanically stable fixation. 511 
Locking plate mechanics, however, demonstrate optimal load transfer when the 512 
interface from plate to screw is closest to the bone cortex it is applied to.1,45 The 513 
greater this distance becomes, the less efficient it is for load transfer, due to the 514 
increased screw bending moment.44,45 Therefore, to promote maximum fracture 515 
healing, there needs to be a balance in the distance between the plate and the bone. 516 
An anatomical plate, fitting securely without a gap will help achieve this balance. 517 
Quantitative fit assessment involves measuring the distance between a plate and 518 
the underlying bone according to specific criteria. It is necessary to determine the 519 
suitable criteria and parameters for a clinically significant fit assessment. 520 
Traditional fit analyses of fixation plates were done by visual inspection of a plate 521 
fitted to cadaver or prototype bones. This process had its limitations. When using 522 
cadaver bones from a museum collection, it will include older bones. To use these 523 
in fit analyses the morphological changes through generations will be disregarded. 524 
Furthermore, the visual inspection of the plate fit produces results that are 525 
qualitative in nature. 526 
In an effort to remedy these challenges, newer studies started to focus on using 527 
computerized or virtual methods to evaluate fit congruence. These methods will 528 
offer a mode of assessing fit in a standardized and objective way. 529 
The availability of new technology in medical imaging opens up access to large 530 
data sets of bone morphology from present-day populations. This will improve the 531 
development of automated and semi-automated assessment methods. Virtual bone 532 
models can be reconstructed from CT or Magnetic Resonance Imaging (MRI). 533 
Virtual 3D plate models can also be created and digitally applied for fit 534 
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assessment. New implant development and improvement of current systems can be 535 
derived from these data sets.  536 
Previously used manual and semi-automated fit assessment methods are not ideal 537 
since both methods require a long processing time and are operator-dependent. 538 
Computerized fit assessment methods integrating plate fit and positioning has 539 
become superior. This will make batch processing a possibility, which in turn will 540 
improve efficiency and result in an operator-independent outcome.45  541 
Quantitative fit analysis was first described in the fit assessment for proximal tibia 542 
plates. Cadaver bones were used for the fit assessment.20,45 Kozic et al proposed 543 
the first automated fit assessment on 93 tibias. With a proximal tibial plate being 544 
templated on models.27,45 545 
In the upper limb, various studies have incorporated fit analysis to assess plates. 546 
Malhas et al used plates from four different manufacturers and applied it to 79 547 
right human clavicles from cadaver specimens.32 The most anatomical fitting plate 548 
from each manufacturer was clamped in place by two examiners with the fit then 549 
graded into, poor fit, good fit or anatomic fit. Intra-observer and inter-observer 550 
reliability was assessed by examiners repeating the process. A final score for each 551 
plate for each clavicle was obtained from the average scores. Resulting data 552 
indicate that systems with variable implant options are superior in smaller and 553 
usually female clavicles. No statistical difference was shown in larger clavicles. 554 
Plate contouring was needed in 73% of cases.32 555 
In a different study, 100 clavicle pairs were analyzed by Huang et al.24 A digitizer 556 
and modeling software were utilized to determine the position and size of the 557 
superior clavicular curve. Axial radiographs were produced of all clavicles and a 558 
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pre-contoured LCP form Acumed was templated. Adobe Photoshop technology 559 
was used to freely translate and rotate the plates on the clavicle to assess the 560 
amount and location of the best fit. This was, however, a two-dimensional analysis 561 
of plate fit rather than a three-dimensional analysis and attributed as the main 562 
limitation of this study.24 563 
Park et al conducted a study to evaluate the congruency of current scapular plate 564 
designs.41 They used sophisticated 3D modeling techniques to virtually place 565 
fragment-specific locking plates on CT reconstructions of multiple cadaveric 566 
scapulae. All 4 plate designs from a single manufacturer were considered. To their 567 
knowledge, this was the first study to evaluate the congruency of fit for locking 568 
scapular plates. This study allowed for virtual, noninvasive analysis of several 569 
different measurement variables. This 3D image–analysis technique can be used to 570 
evaluate the congruency of any implant with any surface. Any number of implants 571 
may be studied in this manner.41  572 
A new technique was proposed by Beliën et al by utilizing 3D models and distal 573 
clavicle reconstruction plates to treat acromion fractures and symptomatic os 574 
acromiale.6 The authors suggested that this approach would be a valuable addition 575 
to traditional techniques. They printed a 3D model of the acromion whilst an 576 
osteosynthesis plate was pre-bent to fit the anatomical shape of the specific 577 
acromion. The technique was tested, and reports were presented on five patients, 578 
of which three had os acromiale and the other two presented with acromial 579 
fractures. These patients were followed-up during their rehabilitation and 580 
evaluated using the Constant–Murley and the Disabilities of the Arm, Shoulder 581 
and Hand scores. Making use of a preoperative patient-customized plate is a new 582 
technique with many potential uses.6  583 
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IDENTIFICATION OF GAPS OR NEEDS FOR FURTHER RESEARCH 584 
Literature on the combined themes of modelling fracture specific plates around the 585 
acromion on 3D printed anatomical models is limited with available literature 586 
being of low evidence with confusing methodologies. Acromion fractures are 587 
uncommon and therefore optimum treatment is not well documented with no 588 
prospective patient outcome measured trials to support current practices. 589 
Additionally, guidelines are made but not always followed. Further adjuncts have 590 
become available to obtain a tactile understanding of the complex anatomy 591 
considering the need to identify the optimal plate for a specific fracture pattern. 592 
The advances in 3D printing are astronomical and the applications limitless. 593 
Specialists, therefore, need to embrace the new possibilities and engage in taking it 594 
forward to the advantage of all involved around providing quality healthcare, but 595 
more importantly, to the benefit of the patients. 596 
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MAIN TEXT OF ARTICLE 802 
ABSTRACT 803 
Background 804 
Displaced acromial fractures are challenging to treat. Complex bony anatomy, 805 
variable fracture morphology and limitations of available implants present 806 
challenges in achieving favourable surgical outcomes.  807 
We determined to what extent currently available scapular and clavicular plating 808 
systems are able to provide adequate fixation options. 809 
Methods 810 
Patients presenting to an urban trauma centre with acromial fractures sustained 811 
from blunt trauma between 2012 and 2016 were identified (n = 15, 14M / 1F). The 812 
fracture patterns were categorized according to location (Type I = 13%, Type II = 813 
27%, Type III = 60%). Computed Tomography (CT) scans were reconstructed to 814 
produce three-dimensional (3D) printed anatomical models on which a quantitative 815 
fit analysis was performed. Measurements were performed twice, by five separate 816 
observers, with fit graded as anatomical fit (< 2mm), intermediate fit (> 2mm) or 817 
no-fit. 818 
Results 819 
The anterior clavicle 6 hole plate fitted best in 45.7% of overall cases. Acromial 820 
plates only achieved 27.3%. The acromion short plate together with the lateral 821 
clavicle short plates performed the best in type II fractures. An inter-observer 822 
intraclass correlation coefficient (ICC) agreement of 0.974 was obtained. 823 
 824 
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Conclusion 825 
The available commercial acromial plating system fails to provide adequate 826 
congruency and fit for fixation. Clavicular plates were superior alternative 827 
implants. 3D printed anatomical models can be used effectively to assist in 828 
templating implants preoperatively. 829 
Level of evidence 830 
Level IV – Observational biomechanical basic sciences study. 831 
Keywords 832 
3D printing, additive manufacturing, scapula fracture, osteosynthesis, internal 833 
fixation, quantitative fit analysis, scapula plate, acromion fracture. 834 
835 
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INTRODUCTION 836 
Acromion fractures are uncommon and comprise 8% – 16% of scapula fractures.2,6 837 
With the advent of increasing reverse total shoulder arthroplasty, acromion 838 
fractures is an associated complication in 5% – 6.9% of cases.5,6 Fractures of the 839 
scapula process are generally managed non-operatively with relatively good 840 
results.1 Literature regarding surgical management is predominantly low-level 841 
evidence such as case reports and isolated case series and is therefore insufficient 842 
and circumstantial.1  843 
Anecdotal experience suggests that pre-contoured plates assigned and developed 844 
for other anatomical sites sometimes fit better on alternative periarticular regions. 845 
Lateral end of clavicle plates are options when internal fixation of the acromion is 846 
performed.2 847 
Quantitative fit assessment measures the distance between a plate used for internal 848 
fixation and the underlying fractured bone fragments.13 This analysis was 849 
customarily performed by visual inspection of the templated implant on cadaver or 850 
prototype bones. The evolution in medical imaging technology allows access to 851 
morphological data of bone from modern populations. These datasets afford virtual 852 
methods for fit analysis and therefore enables enhancements in implant design.13 853 
Additive manufacturing or three-dimensional (3D) printing encompass any 854 
technique used for creating a physical object from computer data through an 855 
additive process. A variety of materials can be laid down in successive layers.9,14 856 
3D computer modelling and printing have become more accessible for everyday 857 
use in Orthopaedic practice since recent advances in clinical image acquisition, 858 
user-friendly software applications, and inexpensive printing devices.9 A 859 
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fundamental benefit of 3D printing in medical applications is the stereotaxis that 860 
provides a tactile understanding of the anatomy.9,10 Beliën et al developed a novel 861 
method to treat acromion fractures and os acromiale by using a 3D model and a 862 
distal clavicle reconstruction plate.2 The authors reported on the technique and 863 
outcomes in 5 patients. The models were printed, and the plates contoured to fit 864 
preoperatively. The fixation achieved was adequate for bone union. The 865 
conclusion was made that fashioning the plates according to patient-specific 866 
anatomy is possible and reduces surgical time.2  867 
We conducted a pilot study on cadaver dry bone specimens, (unpublished data) 868 
which reported long acromion plates not to fit in 48% of specimens whilst the 869 
combined anatomical fit for acromion plates was only achieved in 51% of 870 
specimens (Table I).  871 
Table I: Plate fit assessment on cadaver specimens 872 
 Anatomical 
fit (%) 
Intermediate 
fit (%) 
No fit (%) 
Acromion long 
(n=46) 
15 37 48 
Acromion short 
(n=47) 
36 62 2 
Lateral clavicle 
short (n=46) 
28 67 4 
Lateral clavicle 
long (n=46) 
2 70 28 
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This highlights the need to critically evaluate acromion and clavicle plate 873 
congruence on acromion fractures. This observation served as a further need to 874 
investigate specialised fracture plates for the acromion. 875 
However, limited theatre time and resource constraint environments make this 876 
difficult to test in vivo. The aim of this study is, therefore, to utilize actual size 3D 877 
printed models of acromion fractures to template and evaluate acromion and 878 
clavicle plate congruence. This can determine to what extent currently available 879 
plating systems are able to provide adequate fixation options for acromial 880 
fractures.  881 
  882 
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MATERIALS AND METHODS 883 
Study design 884 
This study followed an observational biomechanical basic science design. A multi-885 
observer quantitative fit analysis of the scapular plates was performed. This was 886 
followed up with statistical analysis to investigate the extent to which these plates 887 
were successful in fitting to the fractured bone surface, within the surgical 888 
parameters.  889 
Characteristics of the study and population 890 
All patients with scapula fractures, who underwent a CT scan of the shoulder, 891 
presenting to Groote Schuur Hospital (Cape Town, South Africa) from 2012 to 892 
2016 were identified using Phillips iSite Electronic Radiology System database. 893 
All fractures due to blunt trauma, irrespective of whether these fractures were 894 
surgically or conservatively managed, were considered for inclusion. Participants 895 
with Goss and Ideberg Type 1a and 1b fracture-dislocations of the glenoid rim 896 
were excluded. Malunited fractures undergoing delayed surgery and fractures due 897 
to gunshot wounds were also excluded. Gunshot wounds are typically difficult to 898 
segment due to scattered bullet fragments. These fracture patterns are also very 899 
comminuted and do not fit the usual fracture classifications or management paths. 900 
A total of 41 scapulae were examined and classified according to the anatomical 901 
location of the fracture on the scapula body, glenoid neck and -fossa, coracoid and 902 
acromion/scapula spine. Fifteen acromion fractures were finally identified for 903 
inclusion. The fractures were divided into 3 types according to the anatomical 904 
location of the fracture lines: (Figures III - V) 905 
 Type I – acromion process lateral to acromion angle. (n = 2, 13%) 906 
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 Type II – acromion angle to spinoglenoid notch. (n = 4, 27%) 907 
 Type III – medial to the spinoglenoid notch or into scapular spine. (n = 9, 908 
 60%) 909 
 910 
 911 
 912 
Figure III: Type I fracture - acromion process lateral to acromion angle 913 
 914 
 915 
 916 
 917 
Figure IV: Type II fracture - acromion angle to spinoglenoid notch 918 
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 919 
 920 
Figure V: Type III fracture - medial to the spinoglenoid notch or into scapular 921 
spine 922 
 923 
Research procedures 924 
The Digital Imaging and Communication in Medicine (DICOM) files were 925 
obtained from the CT scans previously identified from the database. Multiplanar 926 
reconstruction (MPR; axial, sagittal, coronal) and 3D volume rendering of the 927 
fracture was obtained. Working on the 3D-reconstruction, the fractured bone was 928 
isolated with a digital cropping tool.  The CT scans were reconstructed in-silico 929 
Materialise Mimics® (Leuven, Belgium). The Surface Rendering model of the 930 
fractured bone was created and exported to a Stereolithography (STL) file. The 931 
files were analyzed and prepared for printing with 3D dedicated Z-suite software. 932 
The Zortrax M200 printer system and acrylonitrile butadiene styrene (ABS), a 933 
common thermoplastic polymer plastic filament, was used to produce the 934 
prototypes. Areas of the fracture were identified, and care taken to treat each 935 
fractured fragment as a separate entity. The reconstructed model of each bone was 936 
synthesized into a physical 3D scapula using an additive manufacturing technique. 937 
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Fracture fragments were debrided, anatomically reduced and kept in position using 938 
ordinary glue. The only available plating system currently available in South-939 
Africa is supplied by Acumed (Hillsboro, OR, USA).  940 
Eight implants were used: (i) acromion short, (ii) acromion long, (iii) lateral 941 
clavicle short 4 hole, (iv) lateral clavicle short 8 hole, (v) lateral clavicle long 4 942 
hole, (vi) lateral clavicle long 8 hole, (vii) anterior clavicle 6 hole,  (viii) anterior 943 
clavicle 8 hole. We chose to include clavicle plates as we have been using these to 944 
stabilise acromial fractures for many years. 945 
Conformity of fit and the potential degree of plate bending that might be required 946 
for an anatomic fit were assessed. The variables were a gap, alignment, and 947 
overhang. A digital Vernier caliper was used for measurements.  948 
We devised the following grading system: (Figures VI to VIII) 949 
Anatomical fit: if there was a 2mm or less gap between the plate and bone, no 950 
overhang and no bending needed to align the plate. Fracture fixation adequate with 951 
a minimum of 3 screws either side of the fracture line. 952 
Intermediate fit: if more than a 2mm gap or if bending was required to narrow this 953 
gap or to correct the overhang to achieve the required fixation criteria.   954 
No fit: if there was too much off ending and/or overhang to correct with plate 955 
manipulation, thus having screw holes not over the bone or if the plate was 956 
inadequate to obtain fixation, thus less than 3 screw holes on each side of the 957 
fracture. 958 
 959 
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  960 
 961 
   Figure VI: Anatomical fit < 2mm gap, no overhang 962 
  963 
 964 
  Figure VII: Intermediate fit > 2mm, but can bend to improve fit  965 
 966 
  967 
 968 
   Figure VIII: No fit > 2mm gap, can’t fit with bending 969 
 970 
Five raters, comprising of a specialist Orthopaedic upper limb surgeon, a trainee 971 
Orthopaedic Surgery registrar, a medical student, a Bioengineer, and a 972 
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Biokineticist conducted the measurements on two separate occasions to determine 973 
the intraclass correlation coefficient (ICC). There was a two-week interval 974 
between measurements. 975 
Data Analysis 976 
All the data sets were collected and captured and patient details with demographics 977 
were identified. Stata 14 data analysis and statistical software were used. Data is 978 
described as a mean ± standard deviation if normally distributed.  979 
Each observation was converted into a numerical score (no fit – 0; intermediate fit – 980 
5; anatomical fit - 10) which were processed using IBM SPSS Statistics v.25 981 
(Armonk, NY: IBM Corp).  982 
Categorical data are presented as counts with frequencies indicated where 983 
appropriate. The best fitting plate per type of fracture was calculated as a frequency: 984 
("#$%&	(	)*+&%	,	"#$%&	-	)*+&%	,	"#$%&	.	)*+&%	,	"#$%&	/	)*+&%	,	"#$%&	0	)*+&%)2+$#3	4+))563%	)*+&%	4%&	43#$% 	𝑥	100 985 
  986 
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RESULTS 987 
Demographic data 988 
The mean age of all participants, 14 male and 1 female, was 42.3 ± 13.8 years. In 989 
six patients, the left side was affected whilst nine patients were injured on the 990 
right-hand side. The majority of injuries (46.7%) occurred due to pedestrian-991 
vehicle accidents (Table II).  992 
 993 
Table II: Mechanism of injury 994 
 995 
Mechanism of injury n (%) 
Pedestrian-vehicle accident 7 (46.7) 
Motor vehicle accident 5 (33.3) 
Motorbike accident 1 (6.7) 
Blunt trauma 2 (13.3) 
Data is presented as a count with the frequency indicated in parentheses 996 
 997 
Fracture types 998 
Two patients had a type I fracture (13.3%), four had a type II fracture (26.7%), and 999 
nine patients suffered from a type III fracture (60%). 1000 
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Printing time 1001 
The mean printing time was 504.7 ± 123.3 minutes.  1002 
Inter-observer reliability 1003 
The overall intra-class correlation coefficient (ICC) agreement was 0.974. 1004 
Quantitative fit analysis 1005 
The Anterior clavicle 6 hole plate was the plate of choice in 45.7% of cases when 1006 
all fractures were considered (Figure IX - A). Lateral clavicle short plates were the 1007 
best fit in type I fractures (60.0% and 67.5% respectively) (Figure IX - B). The 1008 
long acromion plate only fitted in 11% of fractures. The acromion short plate 1009 
together with the two types of lateral clavicle short plates performed the best in 1010 
type II fractures (Figure IX - C). In type III fractures the anterior clavicle 6 hole 1011 
plate had the best fit (60%) followed by the anterior clavicle 8 hole plate (48.3%). 1012 
The two lateral clavicle plates also had a 26.7% (lateral clavicle long 6 hole) and 1013 
27.8% (lateral clavicle long 8 hole) best fit in type III fractures (Figure IX - D).  1014 
The categorical data (Table III) is summarized as a consensus between the 5 rates 1015 
for each plate per patient.  1016 
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 1017 
1018 
Figure IX: Frequencies with which specific plates were chosen as the ‘best fit’ 1019 
amongst five independent specialists for (A) all fractures, (B) type I, (c) type II and 1020 
(D) type III acromion fractures. 1021 
 1022 
 1023 
 1024 
 1025 
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Table III: Quantitative fit combined analysis per plate per patient 1026 
 1027 
n = no fit, i = intermediate fit, f = anatomical fit 1028 
  1029 
Pati
ent 
Fract
ure 
type 
Acrom
ion 
Short 
Acrom
ion 
Long 
Later
al 
Clavi
cle 
Shor
t 4 
Later
al 
Clavi
cle 
Shor
t 8 
Later
al 
Clavi
cle 
Long 
4 
Later
al 
Clavi
cle 
Long 
8 
Anter
ior 
Clavic
le 6 
Hole 
Anter
ior 
Clavic
le 8 
Hole 
1 3 n n n n n n f i 
2 1 n n f f n n n n 
3 3 n n n n i i i i 
4 3 n n n n n i i i 
5 2 i n i i n n n n 
6 2 f f f f i i f i 
7 2 i i i i i i n n 
8 3 n n n n n n f i 
9 3 n n n n n n n n 
10 2 i i i i i i n n 
11 3 n n n n n n i i 
12 3 n n n n n n f i 
13 3 n n n n i i f i 
14 1 n n n i n n n n 
15 3 n n n n i i i i 
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DISCUSSION 1030 
The majority of acromion fractures in our cohort occurred as a result of high 1031 
energy trauma sustained by a male predominance with a median age of 42.3 years 1032 
(Table II).  1033 
A variety of fixation techniques have been described for the open reduction and 1034 
internal fixation of acromion fractures, including tension band wiring for more 1035 
distal fractures, plate fixation for fractures that are more proximal or through the 1036 
acromial base and spine,1,12 interfragmentary screw fixation,1,11 plate fixation 1037 
supplemented with interfragmentary screws,1,7 and fixation with Kirschner 1038 
wires.1,12 However, published data about decision-making and treatment success of 1039 
acromion fractures are mostly retrospective and do not compare operative versus 1040 
non-operative treatment.3  1041 
The aim of this study was to determine to what extent a currently available 1042 
scapular and clavicular plating system is able to provide adequate fixation options 1043 
for acromial fractures (Figure IX: A - D).  1044 
The results from this study show that acromion plates, manufactured specifically 1045 
for use in acromion fractures, were only deemed ‘somewhat suitable’ by a panel of 1046 
five independent investigators, when fitted on 3D printed acromion fractures. Long 1047 
and short acromial plates do not fit the fracture patterns identified at our level 1 1048 
trauma hospital in 80% of cases. The dedicated acromion plates were, however, 1049 
more suitable for a subset of acromion fractures, termed type II (48.75%) fractures 1050 
and less so for type I (3.75%) and III fractures (0.6%).  1051 
The majority (60%) of fracture types were categorised as type III extending into 1052 
the scapular spine region (Figures III - V). This highlights the observation that the 1053 
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anatomically designed plates do not adequately address fracture patterns seen in 1054 
our cohort. 1055 
A wide spectrum of heterogenicity of the acromion anatomy, infrequently used 1056 
approaches, and limitations of available implants, together with variable fracture 1057 
morphology present challenges in trying to achieve favourable fixation and 1058 
resultant outcomes following surgery. Currently, surgeons incorporate the use of 1059 
various fixed angle plate options intended for other periarticular areas in the 1060 
fixation of scapula fractures. Plate systems for the lateral clavicle have been shown 1061 
to be a good match for the acromion.2 This trialling of implants is done 1062 
intraoperatively and may add to the surgical time. This study confirms that the 1063 
clavicular plating systems can be successfully used as alternative implants to the 1064 
anatomical designed acromial plates. The location of the fracture lines determines 1065 
the type of plate to be considered. The advantage of these lateral end of clavicle 1066 
plates are that more screws with a smaller diameter are available for fixation to the 1067 
lateral side of the acromion process in type I fractures (Figure IX - B) as compared 1068 
to the dedicated acromion plates with larger diameter options in a straight line that 1069 
will be more appropriate for a type II fracture (Figure IX - C). Plate congruence 1070 
does not equal adequate biomechanical fixation and the fracture pattern needs to 1071 
be adequately assessed. 1072 
The Intra class correlation ranges were observed to be between 0.89 to 0.99 for the 1073 
first set of observations and between 0.81 and 0.99 for the second set of 1074 
observations. The overall average ICC was found to be 0.965. 1075 
This supports the agreements between the 5 investigators relating to the overall fit 1076 
assessment and shows excellent inter-observer reliability regarding whether the 1077 
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plates would adequately address the fracture patterns, supporting the fact that even 1078 
though the orthopaedic knowledge was varied, the observations correlated well. 1079 
The intra-rater reliability was not formally processed in the analysis of the data and 1080 
can be seen as a possible limitation.  1081 
By integrating 3D models into surgical practice, as done in this study, there is a 1082 
potential to reduce the surgical and anaesthetic time and therefore reduce overall 1083 
cost. This may also lower the risk of postoperative complications and improve 1084 
patient outcomes. Better planning procedures improve plate selection for the 1085 
fracture pattern and therefore optimal fixation. The literature has shown the added 1086 
benefit of educating patients and empowering them to make informed decisions 1087 
around accepting a proposed surgical plan when using 3D modelling.9 Likewise, it 1088 
provides benefits to surgeons’ education and training.9  1089 
The use of custom 3D printed models of patient bone may become standard in 1090 
preoperative planning, surgical simulation, intraoperative guidance, and implant 1091 
development.8  1092 
Results from the work by Bryce et al verify that accurate and reproducible 3D 1093 
models can be created from in situ scapulae by use of effective segmentation.4 1094 
This validation of the accuracy of the prototype models that can be produced 1095 
replicates the true nature of matching fracture fragments as done intra-operatively.  1096 
This study integrated three components, namely fracture fixation, 3D printing of 1097 
anatomical acromion models and quantitative fit analysis of plates to come to the 1098 
stated observations. The combination of these processes can assist surgeons 1099 
preoperatively. One can apply these techniques to any anatomical site or implant 1100 
system. 3D printing expertise is rapidly becoming more accessible to clinicians 1101 
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worldwide. The initial concerns of excessive costs and long production times are 1102 
swiftly becoming negated. Clinicians need to be wary to still maintain high 1103 
standards of quality control whilst complying to regulatory guidelines.  1104 
The production of 3D prototypes is an attainable skill not limited to surgeons or 1105 
engineers. It is preferable to have basic anatomical knowledge to assure accuracy. 1106 
The technique can initially take a novice a long time. This time shortened over the 1107 
course of the study as investigators improved on their learning curve. The 1108 
technical capabilities of the printer used also impacts the time needed to produce a 1109 
3D model. This, combined with the complexity of the fracture fragments itself, add 1110 
up to the print time as shown with our mean printing time of 504.7 minutes per 1111 
model. The print time was not subdivided and recorded for each stage of the 1112 
process and also weakens the result. This was however only a secondary 1113 
observation. 1114 
Another limitation of this study is that we believe this is the only anatomical 1115 
scapula plating system available and therefore conclusions are limited to the sole 1116 
supplier. The design is however inadequate especially for type I and III fractures 1117 
(Figure IX: B and D). This is conceivably an avenue to pursue to develop 1118 
customized patient-specific plates or to collaborate with the current developers to 1119 
maximize the plate fit and design. 1120 
The sample size is also limited due to the rarity of these injuries. This is, however, 1121 
the largest data set currently investigated.  1122 
The advances in 3D printing are progressive and the applications invariably will 1123 
become limitless. We need to embrace these new possibilities with caution and 1124 
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engage in taking it forward to the advantage of all involved in providing improved 1125 
quality of healthcare. 1126 
  1127 
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CONCLUSION 1128 
Currently, available dedicated acromial plating systems fail to provide adequate 1129 
congruency and fit for fixation of the majority of acromial fractures in the present 1130 
cohort. A more anatomical and versatile plating system is required. Clavicular 1131 
plates were found to provide a better fit and potential better fixation, which should 1132 
be borne in mind when planning operative fixation of acromial fractures.  1133 
Using 3D printed anatomical models can be used effectively to assist in templating 1134 
implants preoperatively.  1135 
  1136 
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evaluate the effect of a patient characteristic on the outcome of the disease.  1277 
Diagnostic Studies evaluate the effectiveness of a diagnostic test or outcome 1278 
assessment.  1279 
Economic / Decision Analysis or Modeling Studies explore costs and alternatives 1280 
or may either develop or assess the effectiveness of decision models.  1281 
Systematic Reviews and Meta-Analyses are assigned a Level of Evidence 1282 
equivalent to the lowest level of evidence used from the manuscripts analyzed.  1283 
Prospective Study-Defined is a study in which the research question was 1284 
developed, (and the statistical analysis for determining power) were developed 1285 
before data was collected.  1286 
Retrospective Study-Defined is a study in which the research question was 1287 
determined after the data was collected (even for studies where the authors 1288 
collected general data prospectively). 1289 
Cover Letter 1290 
It is essential that the material is accompanied by two cover letters. The first letter 1291 
must include information on prior or duplicate submission or publication 1292 
elsewhere of any part of the work including details of any presentation of the study 1293 
as an abstract at a professional meeting, a statement that the manuscript has been 1294 
read and approved by all authors, and a statement that each author believes that the 1295 
manuscript represents honest work. All manuscripts will be checked by an 1296 
internet-based algorithmic searching method to check for possible duplication of 1297 
previously published work. This first letter also should identify the name, this 1298 
information must be described for all authors listed on the paper and should be 1299 
provided in the form of a list of the authors. If no such conflict of interest exists for 1300 
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an author, please state the following after the authors' name: "This author, their 1301 
immediate family, and any research foundation with which they are affiliated did 1302 
not receive any financial payments or other benefits from any commercial entity 1303 
related to the subject of this article." This second letter must then list any outside 1304 
funding or grants received that assisted in this study, the name of the source 1305 
providing the funding, and the grant number. If any outside funding or grant was 1306 
received, it should be described if the outside source of funds was involved in data 1307 
collection, data analysis, or the preparation of or editing of the manuscript.  1308 
Finally, where applicable, please upload a copy of your Institutional Review Board 1309 
(IRB) or Ethical Committee Approval, or your national or regional equivalent, 1310 
including the name of the Board or Committee giving approval, and the study 1311 
number assigned - please note IRB requirements for human and animal studies as 1312 
set out in Purposes and Policies above.  1313 
The name of the Approval giving authority and the Study Number must also be 1314 
included within your manuscript's Title Page file.  1315 
Patient consent 1316 
Appropriate consents, permissions, and releases must be obtained where authors 1317 
wish to include case details or other personal information or images of patients and 1318 
any other individuals in their JSES submission. It is generally not sufficient to 1319 
anonymize a photograph simply by using eye bars or blurring the face of the 1320 
individual concerned. Consent documents should be uploaded in the document 1321 
category Figure Permissions, thus NOT seen by reviewers and NOT unblinding 1322 
your submission.  1323 
Preparation of manuscripts 1324 
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The Journal adheres to the "Uniform Requirements for Manuscripts Submitted to 1325 
Biomedical Journals" (the Vancouver style) developed by the International 1326 
Committee of Medical Journal Editors as described in the Journal of the American 1327 
Medical Association (1993;269:2282-6) (also may be retrieved at  1328 
http://www.icmje.org/), with the exception that the references must be placed in 1329 
alphabetic order by author(s) name, numbered sequentially, and appear as 1330 
superscript numbers in the text but without brackets (see section on "References").  1331 
Formatting Manuscripts 1332 
The Journal suggests that authors follow these guidelines when writing and 1333 
formatting their work: Randomized controlled trials should follow the CONSORT 1334 
(Consolidated Standards of Reporting Trials) guidelines (http://www.consort-1335 
statement.org).  1336 
Case reports, case series, cross-sectional and other observational studies should 1337 
follow the STROBE (Strengthening the Reporting of Observational Studies in 1338 
Epidemiology) guidelines (http://www.strobe-statement.org). If the detailed 1339 
methods are explicitly stated in the manuscript for single case studies, STROBE is 1340 
not needed.  1341 
Authors producing systematic reviews and meta-analyses should follow the 1342 
PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 1343 
guidelines (http://www.prisma-statement.org).  1344 
Type the manuscript with margins of at least 25 mm (1 inch). Use double-line 1345 
spacing throughout the entire manuscript, typing in Times New Roman font size 1346 
12, and include continuous line numbering. Please use Insert Page Break and begin 1347 
each of the following sections on a new page: Abstract; Introduction; Materials 1348 
and Methods; Results; Discussion; Conclusion; References; and Figure and Table 1349 
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Legends. Figures and Tables should be uploaded separately and individually (see 1350 
below). Number the pages consecutively in the lower right-hand corner of each 1351 
page beginning with the Title Page as number 1. Place a six-word short-1352 
form/running title in the header space of the manuscript document. The manuscript 1353 
file must be in a Word format. Manuscripts without continuous line numbering 1354 
will be returned to the author.  1355 
Word Count  1356 
Submissions of review and original articles (including abstract, introduction, 1357 
materials and methods, results, discussion, and conclusion) should have a 1358 
maximum word count of 4,750; submissions which exceed this limit will be 1359 
returned to the author for further revision without being reviewed. Case reports 1360 
should not exceed 2,250 words.  1361 
Review and Technique Articles 1362 
The Journal has limited space to publish numerous review and technique articles 1363 
and these are usually solicited by the Review Article and Special Projects Editors. 1364 
Authors must remember the Journal only publishes one review paper per issue or 1365 
about 12 per year. In a typical year, the Journal receives in excess of 200 review 1366 
articles submitted in consideration for publication. Hence, the acceptance rate of 1367 
review articles for the Journal is usually around 3%-4%. Authors considering 1368 
submission of a review article are encouraged to read "What is the value of a 1369 
systematic review? 1370 
(JShoulderElbowSurg23:1-2,2014; http://dx.doi.org/10.1016/j.jse.2013.09.001) to 1371 
critically evaluate whether their submission may be suitable for publication in the 1372 
journal. Please contact the Review and Special Projects Editor (T. Bradley 1373 
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Edwards, M.D.) via jsesedit@gmail.com outlining your proposed article. Video 1374 
Technique Articles are acceptable but will be published only on the website.  1375 
Title Page 1376 
The title page should include a concise but informative title of the article, plus a 1377 
six-word short-form/running-title, and the first name, middle initial, and last name 1378 
along with the highest earned academic degree of each author. The title page 1379 
should also include the name of the department and the institution to which each 1380 
author's work should be attributed. The name, mailing address, and e-mail address 1381 
of the author responsible for correspondence should be identified, as should any 1382 
source of support in the form of grants, equipment, or other items. The title page 1383 
file must be in a Word format. If illustrations must be published in colour, note this 1384 
explicitly on the title page of the article.  1385 
Disclaimer 1386 
List here (on the title page) any financial remuneration the authors or any member 1387 
of their family, may have received related to the subject of the article. If no such 1388 
financial biases exist for any author, state "none". Please also include information 1389 
about Institutional Review Board (IRB) or Ethical Committee approval related to 1390 
the study, including the name of the IRB providing approval and the study number.  1391 
Please also include on your title page Acknowledgments of those who have 1392 
contributed to the paper but whose contributions do not justify authorship. They 1393 
may be named and their contribution described. Such persons must have given 1394 
their permission to be so named, because readers may infer their endorsement of 1395 
the data and the conclusions reached. Technical help may also be acknowledged.  1396 
Upload the title page on the EES system as Title Page. Do not include the above 1397 
information in your manuscript text which for review purposes should be blinded.  1398 
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Abstract 1399 
The first text page of observational and experimental articles and review articles 1400 
should be an abstract of no more than 250 words. This abstract should state the 1401 
purpose of the study, basic procedures, essential findings, and principal 1402 
conclusions, and should be formatted into Hypothesis and/or Background; 1403 
Methods; Results; and Discussion and/or Conclusion. The abstract should 1404 
emphasize new and important aspects of the observation or study but may not 1405 
contain data that are not presented in the main text. Case reports do not require an 1406 
abstract and are published without abstracts.  1407 
For full research articles, include the Level of Evidence of the study performed 1408 
(see above) and Keywords at the end of the abstract. The authors should assign 1409 
their own Level of Evidence although this will be reviewed by the Journal's 1410 
Editorial Staff and should also list 6-8 Keywords that highlight the topic of the 1411 
article, allowing for easier electronic retrieval.  1412 
Manuscript Text 1413 
The text of observational and experimental articles is divided into 5 sections with 1414 
the headings: Introduction; Materials and Methods; Results; Discussion; and, 1415 
Conclusions. Each section should start on a new page. Longer articles may need 1416 
subheadings within headings to clarify their content. Other articles, such as 1417 
reviews, case reports, and editorials need not take the form of manuscripts 1418 
describing observational or experimental studies. A case report should include 1419 
Keywords at the end of the Introduction. 1420 
All manuscript texts should be blinded for review purposes. Blind institute 1421 
location, author initials, and references by the same authors. To blind an item, use 1422 
Black Text Highlight Colour to black-out the text.  1423 
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Introduction. The purpose of the article should be stated and the rationale for the 1424 
study or observation summarized. Pertinent references should be given, but the 1425 
subject should not be reviewed extensively.  1426 
Materials and Methods. Clearly describe the selection of the observational or 1427 
experimental subject(s). Identify the methods, apparatus, and procedures in 1428 
sufficient detail to allow others to reproduce the results. Give references to 1429 
established methods, including statistical methods. Identify precisely all devices or 1430 
drugs used, including generic names, manufacturers, and manufacturer locations.  1431 
Give numbers of observations. Report any losses to observation. Provide details 1432 
about randomization. Describe statistical methods in enough detail to enable a 1433 
knowledgeable reader who has access to the original data to verify reported results. 1434 
Avoid sole reliance on statistical hypothesis testing, such as the use of P values, 1435 
which might fail to convey important quantitative information. Avoid nontechnical 1436 
uses of technical terms in statistics, such as random or significant. All recent 1437 
clinical studies should be performed with Institutional Review Board (IRB) 1438 
approval, and confirmation of IRB approval should be given in this section.  1439 
In general, exact P-values or statistical measures should be given, rather than, e.g., 1440 
p < 0.05. Please also remember the proper use of significant figures and do not 1441 
overuse extra decimal places, taken as an average, which may imply a degree of 1442 
precision which does not exist in the work. 1443 
Results. Results should be presented in a logical sequence in the text, illustrations 1444 
and/or tables. Do not repeat in the text the data presented in tables and illustrations 1445 
but emphasize or summarize the important observations. For reports on 1446 
reconstructive procedures, a minimum 2-year evaluation period is recommended.  1447 
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Discussion. New and important aspects of the study should be emphasized, and 1448 
conclusions that follow from them should be made. It is not desirable to repeat the 1449 
data or material given in other sections of the manuscript. The discussion should 1450 
describe the implications of the findings and their limitations, including suggested 1451 
future research needs. The observations can be related to relevant studies. 1452 
Unqualified statements and conclusions incompletely supported by the data should 1453 
be avoided. Recommendations may be included.  1454 
Conclusions. A short concluding paragraph summarizing the hypothesis and 1455 
reason for the study and its results should be included.  1456 
References 1457 
The Reference List should be in alphabetical order by authors' last name, in 1458 
double-line spacing, and numbered sequentially. At the end of each reference, 1459 
please include the Digital Object Identifier (DOI) (http://www.doi.org/) or ISBN 1460 
number for all references dating from 2002 to today. References with identical 1461 
author(s) should be listed by the youngest first. If there is more than one reference 1462 
with the same first author, use 2nd, 3rd author etc. to decide the alphabetical order. 1463 
When a reference citation has 6 or fewer authors, list all the authors; when there 1464 
are 7 or more authors, list the first 6 then "et al." Identify references in the text, 1465 
tables, and illustration legends by superscript Arabic numerals without brackets. 1466 
References must conform to Vancouver style. Abbreviate titles of journals 1467 
according to the style used in PubMed. Examples of the correct forms of 1468 
references are provided below:   1469 
Journal article: 1. Richards RS, Curl LA, Moorman CT, Mallon WJ. Sterile 1470 
synovio-cutaneous fistula: A potential complication of repair of large and massive 1471 
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rotator cuff tears. J Shoulder Elbow Surg 2006;15:436-439. 1472 
doi:10.1016/j.jse.2005.03.008 . 1473 
Book chapter: 2. Zarins B, Prodromos CC. Shoulder injuries in sports. In: Rowe 1474 
CR, editor. The shoulder. New York: Churchill Livingstone; 1988. p. 411-33. 1475 
(ISBN No. 978-0443084577)  1476 
Illustrations and Legends 1477 
Each figure should be uploaded as a separate file (and name/numbered in the 1478 
Description box on the Attach Files page of the submission process). For 1479 
photographic images upload your images in a standard acceptable digital format 1480 
(e.g., *.tif or *.jpg) to the journal's online submission website     1481 
(http://ees.elsevier.com/jses). For line illustrations, use thick, solid lines and bold, 1482 
solid type; avoid the use of shading or dotted patterns. If illustrations must be 1483 
published in colour, note this explicitly on the title page of article. For more 1484 
detailed information on preparing your figures for submission, please visit:  1485 
http://www.elsevier.com/artworkinstructions.  1486 
Letters, numbers, and symbols should be clear and of sufficient size that when 1487 
reduced for publication each will be legible. Figures should be numbered in the 1488 
order of their mention in the text and the number included in the Description box. 1489 
Title and explanations of figures (and tables) belong on a dedicated legends page 1490 
following the reference list in the manuscript, and not on the illustrations 1491 
themselves. If a figure has been taken from previously copyrighted material, the 1492 
legend must give full credit to the original source (see below).  1493 
Figure/Photograph Permissions: Photographs in which a person's face is 1494 
recognizable must be accompanied by a letter of release from that person explicitly 1495 
granting permission for publication in the Journal. X-rays should NOT show 1496 
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patient's name. For any previously published material, authors must obtain written 1497 
permission for both print and electronic reprint rights from the copyright 1498 
holder/publisher. This is necessary even if you are an author of the borrowed 1499 
material. These permission letters must then be uploaded as part of the submission 1500 
process or the author must state in an uploaded document that the permission has 1501 
been requested and provide an approximate date when the permission is expected 1502 
to be received. Authors are also responsible for paying any fees required by 1503 
copyright holders to reprint material.  1504 
Tables 1505 
Each table should be uploaded as an individual Table document separate from the 1506 
manuscript (and name/numbered in the Description Box). Tables should be 1507 
uploaded in a format that can be edited, preferably .doc or .docx. Tables should be 1508 
self-explanatory and numbered in Roman numerals. They should be mentioned in 1509 
numerical order through the text. Table Legends (and figure legends) should be 1510 
listed on a dedicated page of the manuscript text that follows the reference list. 1511 
Abbreviations should be defined in a footnote at the end of the table. If any 1512 
material in a table or a table itself has been taken from previously copyrighted 1513 
material, a footnote must give full credit to the original source and permission of 1514 
the author and publisher must be obtained. Table permission letters should be 1515 
uploaded in the document category Figure/Photograph Permissions.  1516 
Big Data  1517 
Authors are requested to upload their full databases of studies, both clinical and 1518 
basic science, as Supplemental Files. This information should be both blinded and 1519 
anonymized. At present this is not mandatory but recommended. Please use 1520 
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standard files types. Supplemental Files are published online as a link; the JSES 1521 
print edition includes details of links.  1522 
Instructions for Submitting Videos  1523 
The Journal encourages authors to submit a video to be published on the Journal's 1524 
web site at  http://www.jshoulderelbow.org/ as an illustration incorporated in an 1525 
article that the author is submitting for publication or as video paired with a 1526 
journal cover illustration. All videos are subject to peer review. We expect 1527 
professional quality and narration, regardless of method of production. A 1528 
soundtrack is highly desirable and is requested. These formats for video will be 1529 
accepted  1530 
• MPEG-1 or MPEG-2 (.mpg)  1531 
• QuickTime (.mov) The Journal will not edit any video, but a reviewer may 1532 
suggest that the  author make changes.  1533 
Requirements 1534 
• Include in your COI statement (second cover letter) a statement confirming that 1535 
the video is part of your submission and has been viewed by all authors. 1536 
• Submit a single video per manuscript, not multi-part videos. 1537 
• Maximum length of videos is 4.5 minutes. 1538 
• Video file cannot exceed 50 MB. The submission program will time out if the 1539 
file size is larger than 50 MB. 1540 
• Please ZIP the file and upload the zipped file to hasten the upload time. 1541 
• A complete legend for the video must be included in the manuscript. 1542 
• The video must be cited in the text of your manuscript just like a figure. 1543 
• Sound narration is highly desirable and is requested. 1544 
Units of Measurement 1545 
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Measurements of height, length, weight, or volume should be reported in metric 1546 
units. Temperatures should be given in degrees Celsius; blood pressures should be 1547 
given in millimeters of mercury. All laboratory measurements should be reported 1548 
in the metric system.  1549 
Abbreviations 1550 
Only standard abbreviations should be used, and abbreviations should be avoided 1551 
in the title or abstract. The full term for an abbreviation should precede its first use 1552 
in the text unless it is a standard unit of measurement.  1553 
Letters to the editor 1554 
Letters to the Editor should be sent to the Editor-in-Chief of the Journal via the 1555 
EES system following the guidelines for all other submissions. Letters should be 1556 
no longer than 2 pages in length. Letters should be signed by all authors and 1557 
concern only articles that have been published recently in the Journal of Shoulder 1558 
and Elbow Surgery. A response to the letter will be requested from the author of 1559 
the article in question, and both the letter and response will be published together 1560 
if there is a response. 1561 
Announcements 1562 
Announcements of participating society activities must be received at least 10 1563 
weeks before the desired issue of publication. Send announcements to the office of 1564 
the Editor-in-Chief.  1565 
Reprints 1566 
Single reprints of articles must be obtained from the author. Reprint order forms 1567 
will be sent to authors after articles are slated for publication in a specific issue.  1568 
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QUESTIONNAIRE / DATA CAPTURE INSTRUMENT 1570 
Microsoft Excel spreadsheet 1571 
 1572 
  1573 
box  nr
date
researcher name
patient name
colour
3d print model fragements fit < 2mm
no fit > 2mm
nibble yes no
plates
acromion plate Short fit < 2mm interm > 2mm no fit
Long fit < 2mm interm > 2mm no fit
lat clav plate short 4 fit < 2mm interm > 2mm no fit
short 8 fit < 2mm interm > 2mm no fit
long 4 fit < 2mm interm > 2mm no fit
long 8 fit < 2mm interm > 2mm no fit
ant clav plate 6 hole fit < 2mm interm > 2mm no fit
8 hole fit < 2mm interm > 2mm no fit
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CONSENT FORMS AND ANY RELATED PARTICIPANT 1574 
INFORMATION SHEETS 1575 
Not applicable as this was a retrospective review of a patient imaging with no 1576 
clinical impact on management. 1577 
 1578 
RESEARCH PROTOCOL 1579 
Title 1580 
Scapula fractures: Planning osteosynthesis using 3D printed anatomical models 1581 
Investigators 1582 
Principal:  J. Charilaou 1583 
Supervisor:  S. Roche 1584 
Co-authors:  R. Dey, S. Sivarasu, F. Hansson, R. van Staden, S. Maqungo 1585 
Sponsor 1586 
University of Cape Town, Clinical Research Centre 1587 
Old Main Building, L51 1588 
Groote Schuur Hospital 1589 
Observatory 1590 
021 406 6281 1591 
Study coordinating center 1592 
University of Cape Town, Division of Orthopaedic Surgery 1593 
Old Main Building, H49 1594 
Groote Schuur Hospital 1595 
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Observatory 1596 
021 404 5118 1597 
johancharilaou@hotmail.com 1598 
Table of contents 1599 
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Title 1615 
Scapula fractures:  Planning osteosynthesis using 3D printed anatomical models 1616 
Investigators 1617 
Principal:  J. Charilaou 1618 
Supervisor:  S. Roche 1619 
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Co-authors:  R. Dey, S. Sivarasu, F. Hansson, R. van Staden, S. Maqungo 1620 
 1621 
 1622 
Purpose of the study 1623 
The use of anatomical modelling of three-dimensionally (3D) printed scapula 1624 
fracture fragments to assist in preoperative planning.   1625 
The secondary aim is to ascertain the anatomical congruence of an available pre-1626 
contoured plating system. 1627 
Background 1628 
Scapula fractures are notoriously difficult to manage operatively. Difficult surgical 1629 
approaches, implant limitations, anatomical challenges, and morphological 1630 
variance leads to hesitance from surgeons to perform osteosynthesis. 1631 
3D Printing, also known as additive manufacturing or rapid prototyping, is 1632 
described frequently as a technical and industrial revolution that might 1633 
significantly change the way we live. This manufacturing method is based on 3D 1634 
computer models for the reconstruction of a 3D object by the addition of material 1635 
layers, such as plaster, metal or plastic. Selective laser sintering (SLS), fused 1636 
deposition modeling, and inkjet printing have emerged and almost overtaken 1637 
stereolithography in terms of frequency of use.3 1638 
Imaging modalities have evolved exponentially, and we can obtain detailed 1639 
reconstructions on electronic formats. Accurate and reproducible 3D models can 1640 
be created from in situ scapulae by the use of effective segmentation. The sources 1641 
of digital multidimensional images are, computerized tomography (CT), magnetic 1642 
resonance imaging (MRI), positron emission tomography (PET), single photon 1643 
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emission computed tomography (SPECT), ultrasound (US), functional MR 1644 
(fMRI), magnetic source imaging, and surface light scanning.5 1645 
However, the in vivo milieu poses challenges to safely and adequately reduce and 1646 
fixate complex fractures. Anatomically pre-contoured implants invariably need 1647 
some adjustment and bending around the scapula. This leads to added surgical 1648 
time and with it the associated risks. Intraoperative fluoroscopy is also difficult to 1649 
accurately obtain due to the anatomic orientation of the shoulder girdle.  1650 
3D Models can help with a better understanding of indirect manipulation of 1651 
fragments required to achieve anatomical congruence. It also improves the 1652 
understanding of anatomy and pathology by means of tactile and visual experience 1653 
to complement images displayed on a computer monitor.  1654 
Increased accessibility and lower costs make this field an exciting prospect for 1655 
future medical applications. A wide variety of surgical subspecialties already 1656 
implementing this valuable adjunct include tumour resections, craniomaxillofacial 1657 
reconstruction, and cardiothoracic surgery.  1658 
Benefits include intraoperative guidance, preoperative planning, teaching, and 1659 
training. The model can be shown to the patient, drastically improving their 1660 
education and refining the consent.2 Accurate plate selection, screw lengths, and 1661 
orientation can be determined.  1662 
Disadvantages are the costs of specialized machinery4, and the time needed to 1663 
produce a model. The segmentation can take hours and the printing time itself is 1664 
proportional to the size and desired quality of the model. The average printing time 1665 
is approximately 7 hours. Complexity of the fracture is directly proportional to 1666 
time consumed to produce the final model.  1667 
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The field of bioengineering is also rapidly acquiring the skills and understanding 1668 
to accurately collaborate with radiologists and surgeons to produce high-quality 1669 
models. The accuracy of the 3D print is dependent on the contrast in the parent 1670 
image, and also on the technical capabilities of the printer. Contemporary 3D 1671 
printers have a filament thickness of about 0.1 mm. In practice, because of the 1672 
vibrations originating in the motion of the heads themselves, the achievable spatial 1673 
resolution rarely reaches this limit, and it is usually about 0.5 mm.2 1674 
These advantages and disadvantages need to be extensively evaluated and explored 1675 
in the field of Orthopaedic Surgery.   1676 
Methodology 1677 
Study design 1678 
Observational biomechanical basic sciences study 1679 
Characteristics of study and population 1680 
We will conduct a pilot project to ascertain the anatomical congruence of a pre-1681 
contoured plating system. This will be done on intact dry museum specimens. The 1682 
specimens are denuded of soft tissues and displayed no evidence of previous 1683 
fractures or callus formation. We will obtain these from the University of Cape 1684 
Town, Department of Anatomy in the Faculty of Health Sciences. The specimens 1685 
are skeletally mature. No demographic details are available on the origin, gender 1686 
or age of the specimens.  1687 
We want to confirm that the plating system does not supply enough options to 1688 
adequately fixate all fracture types. The glenoid plate, in particular, is difficult to 1689 
fit according to anecdotal experience. 1690 
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The main study will be conducted in conjunction with the Department of Human 1691 
Biology’s division of Biomechanics. We will identify patients with scapula 1692 
fractures who underwent a shoulder CT scan following blunt trauma presenting to 1693 
Groote Schuur Hospital from 2012 to 2016. We will evaluate 41 scapulae and 1694 
classify the fracture patterns according to anatomical location of the scapula body, 1695 
glenoid neck and -fossa, coracoid and acromion/spine. 1696 
The first fracture pattern to be used is the acromion/spine component. The other 1697 
fracture patterns will be used as a separate study.  1698 
 1699 
Recruitment and enrollment 1700 
The Phillips Electronics iSite Electronic Radiology System will be used to search 1701 
for all shoulder CT scans performed during the study period. This data is not 1702 
public domain and access is password protected for appropriate healthcare 1703 
providers. We did not obtain consent for the use of these CT scans as we are doing 1704 
the study retrospectively and no intervention was affected or altered. A power 1705 
analysis was done using the formula:  1706 
n = [Z star × P (1 – P)] / E^2 1707 
Z star = value from standard normal distribution corresponding to desired 1708 
confidence level (Z=1.96 for 95% CI), P is expected proportion, E is desired 1709 
precision (half desired CI width). For small populations n is adjusted so that n(adj) 1710 
= (Nxn)/(N+n).  Analysis (done using R). Assuming a power of 95%, we need to 1711 
test 36 scapulae. We also calculated the total for a CI of 75% to be 24 scapulae. 1712 
We will continually reassess the feasibility of the project to try and obtain as many 1713 
3D models, so we can improve the statistical significance. The sample size will be 1714 
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subdivided into the different fracture classifications and each subgroup will be 1715 
proportionally represented by random selection. 1716 
Inclusion criteria:  1717 
• All scapula fractures due to blunt trauma will be included irrespective if they 1718 
were surgically or conservatively managed.   1719 
Exclusion criteria:  1720 
• Goss and Ideberg Type 1a and b fracture-dislocations of the glenoid rim. These 1721 
fractures seldom need open reduction and fixation as the fragments are small 1722 
knock off or avulsed entities.  1723 
• Malunited fractures undergoing delayed surgery were also excluded.   1724 
• Gunshot wounds were excluded as they are difficult to segment due to 1725 
scattering from bullet fragments. These fracture patterns are also very 1726 
comminuted and do not fit the usual fracture classifications. 1727 
Research procedures 1728 
• Pilot study 1729 
Each scapula will be templated with the 6 different anatomically contoured plates 1730 
available for the various fracture patterns. These are a glenoid, an acromial, two 1731 
medial border and two lateral border plates. The plates will be aligned to the 1732 
intended anatomical site.  1733 
Conformity of fit and the potential degree of plate bending that might be required 1734 
for an anatomic fit will be assessed. The variables are gap, alignment and 1735 
overhang. A digital Vernier caliper will be used to do the measurements. We will 1736 
use this devised grading system: Anatomical fit will be if there was a 2mm or less 1737 
gap between the plate and bone, no overhang and no bending needed to align the 1738 
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plate. Intermediate fit is a more than 2mm gap or if bending is required to narrow 1739 
this gap or to correct the overhang. No fit is if there is too much offending and/or 1740 
overhang to correct with plate manipulation, thus having screw holes not over 1741 
bone. 1742 
This will be performed by two Orthopaedic surgery registrars on a single occasion 1743 
to limit the inter-observer variability. The exact morphology and dimensions of 1744 
each clavicle were not measured. 1745 
• Main study  1746 
The Digital Imaging and Communication in Medicine (DICOM) file will be 1747 
uploaded. Multiplanar reconstruction (MPR; axial, sagittal, coronal) and 3D 1748 
volume rendering of the fracture will be obtained. Working on the 3D- 1749 
reconstruction, the fractured bone can be isolated with a digital scissor tool.   1750 
The CT scans will be reconstructed in-silico using Materialise Interactive Medical 1751 
Image Control System Software (Mimics®). This is image processing software for 1752 
3D design and modelling, developed by Materialise NV, a Belgian company 1753 
specialized in additive manufacturing software and technology for medical, dental 1754 
and additive manufacturing industries. 1755 
Then the Surface Rendering model of the fractured bone can be created and 1756 
exported to a Stereolithography (STL) file. The file can be analyzed and prepared 1757 
for printing with 3D dedicated Z-suite software. The Zortrax M200 printer system 1758 
and acrylonitrile butadiene styrene (ABS), a common thermoplastic polymer 1759 
plastic filament will be used to produce the prototype.  1760 
Areas of the fracture will be identified, and care will be taken to treat each 1761 
fractured part as a separate entity. The reconstructed model of each bone will be 1762 
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synthesized into a physical three-dimensional scapula using additive 1763 
manufacturing technique. 1764 
The same measurements will be conducted as for the pilot study to determine plate 1765 
congruence. The digital Vernier caliper will also be utilized. 1766 
A Specialist Orthopaedic Surgeon, a Trainee Orthopaedic Surgery Registrar and a 1767 
Medical student will conduct the measurements on two separate occasions to limit 1768 
inter- and intra-observer variability.  1769 
Data Analysis 1770 
The primary objective is to evaluate the use of 3D reconstruction in preoperative 1771 
planning. This includes anatomical reduction, implant selection, plate congruence 1772 
and selection of an appropriate surgical approach. 1773 
Fracture fragments will be printed in different colours. These will be reduced and 1774 
kept in position using ordinary glue. The only locally available plating system is 1775 
from Acumed (Hillsboro, OR, USA). This system will be used, and the best plate 1776 
identified to address the fracture configuration. Any adjustments to the 1777 
anatomically pre-contoured plates can be made and templated. Other alternatives 1778 
like a lateral end clavicle plate for acromial fracture fixation will also be 1779 
templated. The best surgical approach can be identified once the above were 1780 
considered.  1781 
All recorded data will be recorded on an Excel/Numbers spreadsheet. All data will 1782 
be collected by the investigators and stored on password protected computers to 1783 
ensure confidentiality. No names will be used once the data has been collected and 1784 
patients will be identified by a random number held separately from the 1785 
demographic data. Statistical analysis can be performed once the data has been 1786 
collected. 1787 
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Risks and benefits to the trial participants 1788 
This will benefit patients undergoing open reduction and internal fixation for these 1789 
difficult fractures in future. There is no risk to the patients we used to obtain the 1790 
CT scan files. 1791 
Difficulties and complications 1792 
Validation of accuracy of printed models needs to be considered.   1793 
The cost to produce a model needs to be kept low to make it viable. 1794 
The total time to complete a single model will initially be long. As the 1795 
investigators improve and practice the technique this will become shorter. 1796 
The power analysis demonstrates a large number of scapulae needed to gain 1797 
sufficient and relevant statistical data. This could be a limiting factor taking time 1798 
and cost into account. 1799 
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AIMS, OBJECTIVES, AND HYPOTHESES 1855 
Aim 1856 
To determine to what extent currently available plating systems are able to provide 1857 
adequate fixation options for acromial fractures.  1858 
Objective 1859 
To print three-dimensional (3D) anatomical models of acromion fractures. 1860 
To ascertain if 3D models can assist templating clavicle and acromion plates on 1861 
acromion and scapular spine fracture models and assessing quantitative fit of 1862 
plates. 1863 
Hypothesis 1864 
Available acromion plates used in open reduction and internal fixation do not fit 1865 
the anatomy adequately. The use of 3D printing anatomical scale models can assist 1866 
in templating these fractures to assist in quantitative fit analysis of acromion and 1867 
other alternative plates. 1868 
  1869 
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TURNITIN 1870 
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TABLES AND FIGURES 1874 
 1875 
Figure I: Articles published by anatomical location of the 3D printed model. 1876 
Sourced from Hoang et al 2016.23 1877 
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 1878 
Figure II: The 3D printing process from start to finish. 1879 
Sourced from Hoang et al 2016.23 1880 
 1881 
 1882 
Figure III: Type I fracture - acromion process lateral to acromion angle 1883 
 1884 
 1885 
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 1886 
 1887 
Figure IV: Type II fracture - acromion angle to spinoglenoid notch 1888 
 1889 
 1890 
Figure V: Type III fracture - medial to the spinoglenoid notch or into scapular 1891 
spine 1892 
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  1893 
 1894 
   Figure VI: Anatomical fit < 2mm gap, no overhang 1895 
  1896 
 1897 
  Figure VII: Intermediate fit > 2mm, but can bend to improve fit  1898 
 1899 
  1900 
 1901 
   Figure VIII: No fit > 2mm gap, can’t fit with bending 1902 
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1903 
Figure IX: Frequencies with which specific plates were chosen as the ‘best fit’ 1904 
amongst five independent specialists for (A) all fractures, (B) type I, (c) type II and 1905 
(D) type III acromion fractures. 1906 
 1907 
 1908 
 1909 
 1910 
 1911 
 1912 
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 1913 
Table I: Plate fit assessment on cadaver specimens 1914 
 Anatomical 
fit (%) 
Intermediate 
fit (%) 
No fit (%) 
Acromion long 
(n=46) 
15 37 48 
Acromion short 
(n=47) 
36 62 2 
Lateral clavicle 
short (n=46) 
28 67 4 
Lateral clavicle 
long (n=46) 
2 70 28 
 1915 
Table II: Mechanism of injury 1916 
 1917 
Mechanism of injury n (%) 
Pedestrian vehicle accident 7 (46.7) 
Motor vehicle accident 5 (33.3) 
Motorbike accident 1 (6.7) 
Blunt trauma 2 (13.3) 
Data is presented as a count with the frequency indicated in parentheses 1918 
 1919 
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Table III: Quantitative fit combined analysis per plate per patient 1920 
 1921 
n = no fit, i = intermediate fit, f = anatomical fit 1922 
 1923 
Pati
ent 
Fract
ure 
type 
Acrom
ion 
Short 
Acrom
ion 
Long 
Later
al 
Clavi
cle 
Shor
t 4 
Later
al 
Clavi
cle 
Shor
t 8 
Later
al 
Clavi
cle 
Long 
4 
Later
al 
Clavi
cle 
Long 
8 
Anter
ior 
Clavic
le 6 
Hole 
Anter
ior 
Clavic
le 8 
Hole 
1 3 n n n n n n f i 
2 1 n n f f n n n n 
3 3 n n n n i i i i 
4 3 n n n n n i i i 
5 2 i n i i n n n n 
6 2 f f f f i i f i 
7 2 i i i i i i n n 
8 3 n n n n n n f i 
9 3 n n n n n n n n 
10 2 i i i i i i n n 
11 3 n n n n n n i i 
12 3 n n n n n n f i 
13 3 n n n n i i f i 
14 1 n n n i n n n n 
15 3 n n n n i i i i 
